The main objective of this paper is to present results of the research in the development of a specialized self-propagating high-temperature synthesis (SHS) technology for ferroalloy composites, as applied to steelmaking. The problem of creating such a production cycle has been solved by developing a new approach to the practical implementation of self-propagating high-temperature synthesis, as applied to metallurgy. The metallurgical variation of SHS is based on the use of different metallurgic alloys (including waste in the form of dust from ferroalloy production) as basic raw materials in the new process. Here, the process of synthesis by combustion is realized through exothermic exchange reactions. The process produces a composite, based on inorganic compositions with a bond of iron and/or alloy based on iron. It has been shown that in terms of the aggregate state of initial reagents, metallurgical SHS processes are either gasless or gas-absorbing. Combustion regimes significantly differ when realized in practice. To organize the metallurgical SHS process in weakly exothermic systems, different variations of the thermal trimming principle are used. In the present study, self-propagating high-temperature synthesis of ferrovanadium nitride, ferrochromium nitride and ferrosilicon nitride; which is widely used in steel alloying, was investigated.
steel strength by ∼ 20% (and more) as compared to regular low-alloy steels of 09G2S and 14G2 grades. The nitrogen microalloying is also effectively used in smelting grainoriented steel with nitride inhibition. Today, nitrogen-bearing steels find application in power engineering, engine manufacturing, chemical engineering and other industries, and boron-alloyed steels are indispensable to nuclear power industry. Microadditives of nitrogen and boron have also become useful in steel production.
Nitrogen naturally occurs mainly in gaseous form; therefore, to introduce it into steel, it needs to be bound in solid matter. Such nitrogen-containing materials must be compatible with the molten steel and adaptable to specific process conditions. That is why nitrided ferroalloys and metals commonly serve as a source of nitrogen. Advantageously, the technology of nitriding steel with alloys is universally applicable, and such master alloys can be used in all types of steel-making units at metallurgical facilities of different technical capacity. With nitrogen-bearing alloys, it is possible to produce the entire range of steels with any content of nitrogen. Master alloys are ecologically safe. Therefore, at present, nitrogen doping with master alloys remains the principal technological method for nitriding steel. Chromium, manganese, silicon, vanadium, etc. alloys can also be nitrided. The known 'furnace' methods for producing nitrogen-bearing alloys are characterized by long duration, high energy consumption and complexity of equipment. At that, they fail to provide a nitrogen-containing material that would combine high nitrogen content, high density and the minimum concentration of injurious impurities.
The self-propagating high-temperature synthesis (SHS), discovered by Merzhanov and his colleagues in 1967, appears rather promising for obtaining nitrided ferroalloys and master alloys. SHS was proposed as a method for producing high-melting inorganic compounds in an inert or reactive atmosphere [1] . To capture the advantages of SHS technology (such as the absence of power costs, extreme synthesis conditions of temperature and pressure, the possibility of obtaining materials with new properties, and others), we developed a new approach to the SHS process that is known as metallurgical SHS process [2] . This method uses various iron alloys as charge materials and allows disposing of dispersed waste and other substandard scraps.
The production of ferroalloys and other doping and deoxidizing materials for steelmaking generates a vast amount of solid waste, mostly in powdered form. A significant part of such waste consists of dispersed materials that contain the main products, such as dopants, deoxidizing agents, and sometimes pure metals [3] . The powdered waste, including ferroalloys and other metal components, appears mostly when crushing raw materials and sorting them by fraction. At ferroalloy facilities, small fractions of materials accumulate when cropping and grinding ingots, and the plants cannot find use NIOKR-2018 for them. Ferroalloy fines can be added to the furnace during the main melting but, in practice, the larger part of powdered ferroalloy waste burns or gets lost with slag. In addition, powdered ferroalloys and deoxidizers get caught in the dust removal systems in the form of cyclone dust, which is formed during crushing, sizing and other operations with such ferroalloys as ferrosilicon, ferrochrome silicon, high-carbon ferrochrome, and others. Therefore, the problem of processing small fractions, which accumulate in large quantities in the production of iron-silicon ferroalloys, is still rather acute. For example, when grinding ferrosilicon of grades FS75 and FS65, there occur about 20 %wt. of 0-5 mm screenings and about 1% of micron-sized cyclone dust. The available methods of processing such waste have limitations for they can only recover small amounts of silicon at high power consumption. In particular, this applies to such methods as remelting of lump material in induction furnaces, adding briquettes or extrusion products to the furnace during melting, adding the powder into molds, and blowing the powder into the furnace below the melting level [3] .
The metallurgical SHS process is fundamentally different solution for disposal of cyclone dust and other ferroalloy wastes. The process can use various metallurgical alloys, including dust-like waste, as the main raw material. With minimal power consumption, the metallurgical SHS process allows obtaining high-quality nitrided ferroalloys and composite materials, based on iron-bonded inorganic compounds, for steelmaking and blast-furnace ironmaking.
The regular SHS process is induced by the heat of direct synthesis reactions [1] . In the metallurgical SHS process, ferroalloys act as the main reagents of the initial exothermic furnace charge, and the process occurs due to exothermic exchange reactions (Table   1 ). They are similar to metallothermic reactions [3] . 
Regular SHS Reactions
Metallothermic Reactions Metallurgical SHS Reactions
The main raw material for the metallurgical SHS process are ferroalloys, such as silicide (FeSi, FeSi 2 , MnSi 2 ), intermetallides (VFe, TiFe), borides (FeB, FeB ), solid solutions Cr(Fe) and their various combinations. The metallurgical SHS process, involving these inorganic compounds, generates a composite material based on nitrides, borides, silicide, etc. bonded with iron and/or an iron alloy. In terms of aggregate state of the initial reagents, the metallurgical (as well as regular) SHS process can be gas-free, gasabsorbing, and gas-yielding ( Table 2 ). Figure 1 shows the differences in the combustion modes for these states. 
SH-Synthesis Of Ferrosilicon Nitride
In (Table   3 ). Consequently, there is a favorable environment for SHS in the (Fe-Si) -N 2 system. Ferrosilicon dust FS90 (89.9 % Si), FS75 (79.4 % Si), FS65 (68.1 % Si), and FS45 (48.25 % Si) was used for nitriding. The cyclone dust is a dusty fraction of ferrosilicon powder, which is formed during crushing and grading and accumulated in the dust removal system [4] . The pattern of Fe-Si combustion in nitrogen happened to be similar to the combustion of metallic silicon. The melting point of alloys in the Fe-Si system was lower than the melting point of Si. In alloys with Si content from 40 to 80%, the liquid phase appeared already at temperatures above 1,210 ∘ . Hence the processes, associated with melting of the initial material during Fe-Si combustion, were more pronounced. Figure 2 shows the influence of Si content in ferrosilicon on the combustion rate, the nitriding degree of the alloy, and the maximum temperature in the reaction wave. The data were obtained in laboratory conditions using, dust samples with particle size of 0.08 mm and less. As the Si content in the initial silicon alloy increases, the intensity of its interaction with nitrogen rises, which manifests itself in higher rate and higher temperature of combustion. The concentration of nitrogen in the combustion products also increases.
(a) (b) (c) The examination of the microstructure of burnt samples confirmed that molten ferrosilicon particles coagulate in the combustion wave. As a result, the reaction surface decreases, leading to incomplete conversion of silicon to nitride. The high temperature in the combustion wave enhances active melting of the initial particles. The X-ray phase analysis of the products of ferrosilicon combustion in nitrogen showed that β-Si 3 N 4 remains the main phase in the entire range of initial parameters. Only insignificant amounts of α-Si 3 N 4 were detected.
However, the furnace synthesis demonstrated a combination these two phases [5] .
This can be explained by the fact that α-Si 3 N 4 remains stable only up to ∼ 1,400 ∘ , and at a higher temperature it irreversibly transforms into the β-phase. The temperature of ferrosilicon combustion in nitrogen is over 1,750 ∘ ; therefore, the formation of α- Figure 3 shows the microstructure of ferrosilicon nitride, and Table 4 presents the results of microanalysis. Thus, the metallurgical SHS method allows synthesizing thermostable β-Si 3 N 4 -based materials using ferrosilicon as a raw material. The β-phase of nitride is quite efficient in non-shape refractory mixtures and can serves as a component of doping media. In practice, it is optimal to use FS75 and FS90 alloys for manufacturing refractory materials, and high-purity alloys FS65 and FS75, for doping steel.
SH-Synthesis Of Nitrided Ferrovanadium
Industrial alloys (FeV80 (78.8 % V), FeV60 (59.2 % V), FeV50 (52.4% V), and FeV40 of steel in a ladle or in a furnace ( Figure 5 ). The second one should be used as a filler for cored wire to modify nitrogen content before casting. Table 5 gives the specifications of FERVANIT; the specification of Nitronvan Vanadium alloy is given for comparison.
Melted ferrovanadium nitride has been tested in smelting of high-strength low-alloy steels, as well as rail and high-speed steel. Nitrogen recovery amounted to 86-98%; vanadium recovery, more than 95%. 
Properties
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SH-Synthesis Of Nitrided Ferrochrome
Nitrided Fe-Cr alloy is used in smelting of stainless and other grades of chromium steel, and nitrided Cr is used in production of Cr-Ni superalloys. Aluminum thermal treated FeCr powder of grade PFN was chosen for experimental nitriding. This kind of ferrochrome (75.6 % Cr) melts at 1550-1670 ∘ . In the range of nitrogen pressures from 2.0 to 10.0 MPa, the combustion temperature was 1220-1300 ∘ at T ≈ 1680 ∘ . Therefore, nitriding took place by the solid-phase mechanism. The finer the ferrochrome powder, the more rapidly it is nitrided and the greater amount of nitrogen is recovered. Larger fraction of alloy powder can be nitrided in combustion using either of two techniques: first, increase the temperature of the initial charge ( Figure 6) ; second, use forced injection of the co-current inert and/or reacting gas into the combustion zone.
Combustion in the presence of forced gas filtration has been previously studied by the example of chromium nitriding [6] . In the co-current nitrogen flow ferrochrome burns at a high gas flow rate (Figure 7) . The combustion rate of both Fe-Cr and Cr increases as the nitrogen consumption rises. At that, the nitriding degree of ferrochromium (4.7-7.5 % N) is less than its nitriding degree under the conditions of natural filtration (8.8-14.2 % N). The can be explained by the absence of a post-reaction 'maturing' stage in case of forced nitrogen filtration. Quenching nitrided products with incoming gas flow fixes the amount of nitrogen that was absorbed directly in the combustion zone. (Table 6 ). 3-5.3 5.5-6.6 3.4-4.6 The reduced nitrogen content in fused nitrided ferrochrome/chromium, in contrast to sintered alloys, can be explained by the fact that nitrogen occurs in the material in the form of lower nitride Cr 2 N as a result of partial dissociation of chromium mononitride CrN. The laboratory studies helped to create the industrial SHS technology for production of nitrided ferroalloys, master alloys, and other materials based on oxygen-free compounds ( In conclusion, a scientifically grounded industrial SHS technology was created for producing nitrided ferroalloys and composite materials based on oxygen-free compounds in steelmaking and blast-furnace ironmaking. The principal problem of creating a largescale SHS-based production facility has been solved. A new approach to the practical implementation of SHS method was developed. The possibility of using synthesis were designed for mass production of refractory inorganic compounds. Scientific and technical production company Etalon established the industrial-scale SHS production of composite materials based on oxygen-free compounds in Magnitogorsk, Russia. The capacity of new production facility is 5 thousand tons of SHS products per year.
